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ABSTRACT
The forensic analysis of sediments recovered from footwear has the potential to yield much useful information concerning the movements of a person before, during and after a crime has taken place. Three experimental studies and a number of examples of forensic casework provide insight into the complexity of the spatial distribution of geoforensic materials on the soles of footwear and the persistence of these materials over time on the soles and uppers. These findings have implications for both the geoforensic sampling protocols and procedures for footwear submitted for analysis in a criminal investigation and also for the analysis of any materials recovered.
The preservation of sediment on a shoe sole will vary, with certain areas generally retaining more sediment than others. The sequential layering of sediments that have been transferred to the shoe will be preserved in some cases and in certain areas, but generally undergoes complex mixing. Such mixing of sediment from different sources occurs both across the shoe sole and also through time, it is therefore, important to be aware of these variations when taking samples for analysis if representative samples are to be taken and meaningful interpretation of any analysis derived is to be effected. Furthermore, such mixing of pre-, syn-and post-forensic event sources has implications for the appropriateness of different analytical techniques. Visual identification techniques which are able to identify where such mixing has taken place are preferred to forms of analysis that require homogenisation of the sample prior to analysis as this reduces the possibility of false-negative or positive associations when undertaking comparison of samples in a forensic context. The context within which any sampling or analysis is undertaken is crucial for a meaningful and accurate interpretation of the geoforensic evidence
INTRODUCTION
The forensic analysis of soils and sediments is a rapidly developing field that has its roots in the geosciences and which applies geoscience principles to the forensic arena (Morgan and Bull 2007a and b) . The underlying premise in geoforensic study is that evidence will be transferred from sources to recipient mediums (such as clothing, vehicles etc.) The concept that 'every contact leaves a trace' was first articulated by Locard (1928 Locard ( , 1930 and these ideas have been developed more recently by Inman and Rudin (2002) . The analysis and interpretation of geoforensic evidence also draws upon the body of literature concerning other forms of trace physical evidence, particularly with regard to the nature of evidence transfer and persistence (for example, Wiggins et al. 2002 , Roux et al. 1999 , Pounds and Smalldon 1975a .
The deposits found on and in footwear have proved an attractive source of comparator samples in geoforensic studies. Since footwear is in contact with the ground, there appears to be a reasonable opportunity to compare materials from the footwear with pertinent scenes related to a forensic event. The reality is however, far more complicated -the devil is in the detail: Firstly, the very transfer of materials onto the soles of footwear will vary in relation to a number of physical characteristics (grain type and size, organic content; Chazottes et al. 2004 , Virtanen et al. 2007 ) and secondly, the transfer of materials is rarely onto a surface that does not already hold materials which may have been deposited before the forensic event in question.
Likewise, materials on, or in, a shoe may derive from sources encountered after the particular forensic event and thus, there may be at least three phases of sediment transfer which may themselves not be evenly distributed across the sole or upper of the shoe. Once transferred to footwear, the absolute amount of trace material will start to decrease and the persistence of such materials becomes a very relevant consideration. Paradoxically, the longer material is able to survive on footwear, the more problematic the interpretation of such evidence may become. However, if the material does not persist long enough to be collected it will not be of any evidential value and will in turn impact upon the results of the crime reconstruction.
Sampling procedures, whether for physical, chemical or biological analyses must take into account these spatial and temporal considerations since the resultant interpretation will depend heavily upon these previous constraints (Morgan and Bull 2007b) . Whether it is possible to identify an exclusion or to differentiate a falsepositive exclusion is a matter that is considered herein. Further, we address a number of other pertinent issues relating to the collection, analyses and interpretation of geoforensic evidence on footwear which fall broadly within the themes of spatial distribution and persistence.
The spatial considerations are; whether sequentially deposited layers of material are preserved in the chronological order in which they were transferred to the footwear sole; whether mixing (from pre-, syn-and post-forensic event) takes place on the sole of footwear in an ordered or more random manner; and whether sampling vertically or horizontally through the sediment deposit on the sole is affected by sample mixing and layer distortion.
The temporal (persistence) considerations are whether geoforensic evidence transferred onto footwear (both the upper and sole) survives for a sufficient period of time for subsequent collection and analyses.
SPATIAL MIXING OF SOIL AND SEDIMENT ON FOOTWEAR

Experimental studies
Contact with the ground almost inevitably results in the transfer of materials onto the sole (or uppers) of footwear (one-way transfer), but may also initiate the transfer of material on the footwear to the underlying surface thus initiating two-way transfer (Locard 1930) . Such transfers have been reported and analysed in the published literature in both experimental and case work studies , Bull et al. 2004 ).
Recent experimental work has concentrated on the problem of discrete sampling of mud on footwear on the soles of footwear by studying the distribution and movement of three layers of (Plasticine TM ) during experimental runs which involved the wearer of the shoes walking and running. Plasticine was chosen as a soil proxy particularly of clay materials which constitute an important component of many soils. Although lacking the coarse silt and sand component of many soils, the Plasticine appeared to mimic results observed in case work described here in section 2.2. Forthcoming papers deal with the mixing of three different soil types the result of which are beyond the remit of this paper. Here, three different colours of Plasticine were chosen to represent pre-, syn-and post-forensic event sources of soil. All three layers of Plasticine (the same size and thickness (5 mm)) were applied sequentially to the soles of identical pairs of flat soled training shoes. Following the application of each layer, the wearer walked 250m on paved ground in dry conditions so that layer 1 was eventually walked on for 750m, and layers 2 and 3 were walked on for 500m and 250m respectively. The experiment was replicated under the same conditions. A further experiment was undertaken which followed the same procedure, the only difference being that the wearer ran on each layer of Plasticine . A template of each shoe was constructed (using a model derived by Hessert et al. 2005 ) and sampling points (on a grid system) were identified. Vertical plugs of the Plasticine remaining on the sole of the training shoes were taken at each sample point for subsequent analysis. These plugs were then photographed in cross-section and the resultant digital images were pixelated using MATLAB to provide numerical comparison of the proportion of each layer (by colour) of Plasticine preserved at each sampling point. The general results for the right shoe from each experiment (both walking and running) are presented in figure 1 and more detailed presentation can be seen in figure 2.
Visual inspection of both figures shows that the three layers on the right shoe (layer 1 was yellow, layer 2 was blue and layer 3 was red) although originally of the same thickness, now comprise layers of different thicknesses for both the experiments This very limited assemblage of quartz grain types makes the similarity of the materials found in samples taken from both boots and the badger sett site significant.
Indeed, multivariate statistical analysis (canonical discriminant function analysis) demonstrated that it was not possible to discriminate between the quartz grain type assemblages from each location presented in Table 1 (Wilks lambda = 0.685, p=0.225). In this case, it was not possible to exclude the soil samples taken from the footwear from the soil samples taken from the badger sett site.
In order to come to a meaningful interpretation, it was necessary to take multiple samples (in this case 22 spot samples were able to be collected) from the sole of the footwear to compare with multiple samples (in this case10 samples) taken from the bulk soil sample recovered from the badger sett site. It was not merely an analysis involving two comparator samples; over 30 samples were eventually analysed. It must also be stressed that this analysis represented only one strand of forensic investigation which itself utilised geoforensic results taken from independent techniques such as pollen analysis and this was undertaken by separate scientists who worked independently in this case.
Various aspects of the complexity of the spatial distribution and movement of pre-, syn-and post-forensic event soil on the soles of footwear have been identified in these experimental and casework studies. Footwear often provides the starting point for geoforensic enquiry, but this work highlights the need for caution when making comparison between soil samples recovered from the soles of footwear and forensic sites. There is no such thing as simple comparison nor is there any philosophical basis for attempting to 'match' samples (Morgan and Bull 2007b, Bull et al. in press ).
PERSISTENCE OF TRACE EVIDENCE ON FOOTWEAR
Experimental Studies
The long-standing view that trace materials persist on clothing stems from the experimental works undertaken by Robertson and Roux (2000) , Pounds and The obvious advantages of finding trace particulates on clothing and footwear many hours after their transfer at the relevant forensic event could be argued to be outweighed by the very problems of persistence where the picture is complicated by pre-, syn-and post-event mixing. These problems, similar to those experienced in section 2, are best overcome with resort to visual identification methodologies.
The persistence of trace materials on the soles of footwear through time
An experimental study was undertaken to establish the nature of the persistence of silt-sized trace materials on the soles of footwear over time. In order to quantify the amount of trace sediment present, a UV powder (<15m) was mixed with soil and applied to the soles of training shoes. At a number of intervals (after 0m, 100m, 250m, 350m, 450m) the sole of each training shoe was photographed under an ultraviolet light. This digital image was then pixelated in IDRISI to provide an indication of the amount of silt-sized material remaining on the sole. This experiment was repeated three times and the results (figures 5 and 6) show a general trend of an initial reduction in the amount of trace material adhering to the sole after 100m of walking on a smooth concrete surface. However, after 250m the amount of silt-sized material has increased with a subsequent decrease after 350m. This pattern is due to the larger conglomerated materials decaying rapidly during the initial stages of walking.
However, the remaining material is then spread out by the pressure applied through the foot during subsequent walking which in turn increases the distribution of siltsized material. After this stage the trace material again rapidly decays, however, it is interesting to note that a sufficient amount of material remains on some parts of the soles for sampling to take place even after 450m of walking.
The persistence of pollen particulates on the uppers of footwear over time
In a second study, two pairs of shoes (a cotton plimsoll and a suede shoe) were used to assess the transfer and persistence of pollen particulates on the uppers of footwear.
The participant brushed past a flowering shrub (Jasminium Nudiflorum) wearing each pair of shoes and then wore the shoes for a total of seven days undertaking general activities. Tapings The persistence of pollen on these two different types of footwear appears to follow the previously identified trend of two/three stage decay Smalldon 1975a, b, c, Bull et al. 2006) . The loss of pollen is particularly rapid during the first four hours, with subsequently less rapid loss between 4 and 10 hours, followed by a period of much slower decay. After 168 hours, 4.8% and 1.5% of the original pollen remained on the suede shoes whilst 1.8 and 1.0% remained on the cotton plimsolls.
Whilst these appear to be only small percentages of remaining pollen, they are only taken from a very small area of the shoe upper (approximately 0.5cm 2 ). These results therefore, have important implications for the forensic examinations of footwear; pollen particulates are highly likely to persist for many hours, days or even weeks.
Such evidence has great potential to aid criminal investigations (Mildenhall 2006 and this present study demonstrates that pollen is likely to remain on footwear for significant periods of time during normal wear thus enabling its recovery and analysis. Indeed this phenomenon makes the likelihood much greater of pre and post-forensic event mixing with the relevant materials taken from the forensic scene. Thus the quality of persistence has both 'advantages' and 'disadvantages' for the interpretation of forensic evidence.
Case Studies
The experimental studies outlined above have demonstrated that geoforensic evidence has the potential to persist on footwear (both soles and uppers) for significant periods of time. As mentioned previously, this not only has implications for the recovery and sampling of such evidence from footwear, but also has implications for the type of analytical technique employed to analyse such evidence. If trace geoforensic evidence persists for long periods of time, it will be important (as mentioned in section 2) that materials from different sources can be identified during any subsequent analyses. Thus footwear has the potential to provide very useful information during the course of a forensic investigation. Not only the sediment transferred and preserved on the footwear (both inners and outers, uppers and sole) but also the sediment deposited as muddy footprints or collected by a plaster cast of footprint impression (see ) can be recovered and provide valuable contextual information.
CONCLUSIONS
The implications of these experimental studies and case work examples are twofold and have a bearing upon both sampling and analysis of geoforensic evidence recovered from footwear. In terms of sampling footwear for geoforensic evidence we have shown that certain areas of the sole are more likely to retain sediment than others. Of the soil/sediment evidence that is retained, it is unlikely that a sequential chronology of the different sources of sediment will be preserved; mixing of evidence from different sources does occur (in some areas more than others) on the soles of footwear.
Geoforensic evidence has been shown to persist for reasonable periods of time on the soles of footwear (section 3.1.1) and the uppers (section 3.1.2) as well as after washing in the inners of shoes (section 3.2). Indeed, this paper also serves to highlight the importance of experimental studies for deepening our knowledge and increasing our ability to interpret forensic evidence accurately and meaningfully within the appropriate context. Such studies have a valuable role to play in the development of forensic science (Morgan et al. in press ). Table 1 Quartz grain types identified in the soil samples taken from the crime scene and the boots Table 1 Quartz grain types identified in the soil samples taken from the crime scene and the boots Figure 7b Graph to show the persistence of pollen particulates on the cotton shoes over time.
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